Abstract Mast cells are first responders to intracerebral hemorrhage. They release potent mediators that can disrupt the blood-brain barrier promoting injury, vasogenic edema formation, and hematoma exacerbation. Also, mast cells recruit other inflammatory cells that maintain and amplify brain damage. Given their early role in the cascade of events in intracerebral hemorrhage, mast cells may offer an alternative target for antichemotactic interventions.
Introduction
Intracerebral hemorrhage (ICH) is associated with high mortality and morbidity. Hematoma-induced secondary brain injury can lead to severe neurological deficits and death. This secondary brain injury is precipitated by a cascade of molecular and cellular inflammatory responses in which mast cells (MCs) are believed to play an early and important role. The aim of this article is to present a review of basic and translational research conducted to investigate the role of MCs in cerebrovascular disease with emphasis on ICH and to suggest some potential clinical applications.
Mast Cells
MCs are perivascularly located tissue-resident cells of hematopoietic origin recognized as effectors in inflammation and immunity due to their role in a range of processes including atopic diseases, parasitic infections, hematologic malignancies, autoimmune and autoinflammatory diseases, as well as connective tissue remodeling and repair [1, 2] . In humans, they originate in the bone marrow from CD34+/ CD117+ pluripotent progenitor cells, then circulate in the blood as committed precursors, and complete their differentiation in peripheral tissues where they reside and are maintained by local cytokines including stem cell factor [3, 4] .
Classification
There is variance in the literature concerning the differentiation of MCs. In humans and rodents, they are subcategorized into populations based on their tissue of residence as well as their mediator content [2] . In humans, MCs can be distinguished in general according to their protease content into MCT (tryptase) or MCTC (tryptase and chymase). In rodents, they are differentiated into two broad subtypes: connective tissue MCs and mucosal MCs. Some argue that rodent brain MCs are remarkably differentiated to be another subtype [1, 4] .
Modes of Action
MCs can be activated in response to various stimuli. The most notorious one is the IgE pathway that elicits an anaphylactic reaction through high-affinity receptors on MCs. MCs also exhibit IgG receptors and respond to several other receptor-binding agonists including complement, neuropeptides, microbial products, cytokines, and chemokines. They also respond to physical activators such as temperature and pressure as well as to cell-cell contact [2, 4] .
MCs can be activated in three steps, and they respond by releasing mediators that can be divided into: (1) preformed mediators, (2) newly synthesized lipid derived mediators, and (3) cytokines/chemokines. The first step of MC activation is a rapid response within seconds involving generation of reactive oxygen species and extrusion of preformed mediators stored in granules including histamine, serotonin, heparin, proteases, proteoglycans, cathepsin G, and cytokines such as tumor necrosis factor alpha (TNF-a). The second step occurs within minutes and involves the generation and release of lipid derived mediators such as prostaglandins, leukotrienes, platelet-activating factor, growth factors, free radicals, substance P, and other cytokines and chemokines. Finally, within hours, MC activation is followed by de novo synthesis and release of more cytokines and chemokines including TNF-a which occurs in both forms as preformed and newly synthesized mediator [2, 4, 5] .
Mast Cells in the Brain
MCs reside in the normal brain of many species including humans [6] . They are most numerous in the meninges, thalamus, and hypothalamus [2, 7] . MCs are present in the rat brain from birth and occur in two locations during development, the pia and brain parenchyma. During the development of the rat brain, MC precursors enter the pia and access the thalamus by migrating along the abluminal surface of penetrating blood vessels with which they remain intimately associated [8] . In all vertebrate studies, including humans, MCs can be found on the brain side of the blood-brain barrier (BBB) in contact with the blood vessel wall or its extracellular matrix [4] . MCs preferentially home to branching points along large blood vessels surrounded by astroglial processes suggesting a role in vasculature growth as well as the development and regulation of the BBB permeability [9] .
MCs have a complex and intimate relationship with the cellular and extracellular components of the neurovascular unit which encompasses neurons, glia, microglia, and endothelial cells with potential multidirectional signaling [4, 8] , and they are believed to participate in the regulation of homeostasis at the level of the microcirculation within the neurovascular unit [5, 7] .
Mast Cells in Acute Neurological Injury
MCs contribute to the normal physiology as well as the pathology of the brain in conditions including stroke, traumatic brain injury, multiple sclerosis, and brain tumors [2, 10] . They are often called first responders that initiate and amplify immune and nervous responses through their multiphasic response pattern [4, 5] .
In Vitro Studies
In vitro experiments showed that MCs can increase the BBB permeability via different mechanisms. MC-derived histamine, tryptase, chymase, and cathepsin G can bind to specific receptors on endothelial cells and increase the phosphorylation of the adherens junction which loosens vascular endothelial cadherin-mediated adhesion [7] . Also, MC activation can increase the redox stress through the production of reactive oxygen species which cause peroxidation of lipid-rich structures of the BBB resulting in its disruption [11] . In addition, TNF-a and interleukin (IL)-1b produced by MCs can alter endothelial cell-matrix interactions by downregulating the expression of integrins and their receptors leading to decreased adhesion of endothelial cells to laminin and contributing to BBB increased permeability [12, 13] .
The communication between MCs and glia was also explored in vitro. Histamine and CD40/CD40-ligand regulate the interaction between MCs and astrocytes [14, 15] . Glia release IL-33 and IL-1b which stimulate MCs to produce large amounts of inflammatory cytokines. MCderived IL-13 and tryptase activate microglia through protease-activated receptor 2 to produce other pro-inflammatory mediators including arginase, IL-6, monocyte chemotactic protein-1, and TNF-a [16] [17] [18] [19] .
MC-derived mediators can have direct toxic effects on neurons. MC proteases such as tryptase cause neuronal hyperexcitability and inflammation through protease-activated receptors [19] . When co-cultured with hippocampal neurons, activated MCs potentiated glutamate excitotoxicity, presumably by histamine release, suggesting a role for MCs under conditions of cerebral ischemia with enhanced glutamatergic neurotransmission [20] .
In Vivo Studies
Mast Cells, the Blood-Brain Barrier Breakdown, and Vasogenic Edema
In vivo experiments support the idea that MC degranulation increases the BBB permeability and promotes edema formation. Intramuscular injection of MC degranulator compound 48/80 causes vastly increased Evans blue dye leakage in MC-rich brain areas with fenestrated capillaries, while this effect is blocked by MC stabilizers or absent in MC-deficient mice [21] . In a rat model of transient middle cerebral artery occlusion, Strbian et al. reported that ischemic swelling was reduced by 39% after cromoglycate Neurocrit Care (2018) 28:288-295 289 administration and increased by 89% after compound 48/80 administration [22] . Early ischemic BBB leakage was reduced by 51% after cromoglycate and increased by 50% after compound 48/80. Also, MC-deficient rats responded to focal ischemia with 58% less brain swelling than did their wild-type (WT) littermates. BBB damage was 47% lower in MC-deficient rats than in WT [22] . In ischemic stroke, the basal lamina of the BBB loses its integrity very early after the onset of ischemia as demonstrated by the rapid disappearance of its three main constituents: laminin, fibronectin, and collagen type IV [23, 24] . In a rat model of transient cerebral ischemia, MCs can degrade the components of the basal lamina, especially collagen type IV, and disrupt tight junction proteins through proteolytic gelatinase enzymes, matrix metalloproteinases MMP2 and MMP9 [25] . In this experiment, compound 48/80 increased gelatinase activity which was correlated with increased brain edema, while these effects were significantly less in MC-deficient rats and with MC stabilization using cromoglycate. MCs not only secrete gelatinases but also can activate tissue progelatinases and degrade tissue inhibitor of metalloproteinase-1 through released chymase and tryptase which also can degrade most components of the BBB. MCs stimulate neighboring cells to release gelatinases through TNF-a. They also promote neutrophil infiltration leading to more accumulation of gelatinases [25] .
Mast Cells and the Inflammatory Response
Preclinical studies showed that MCs participate in the inflammatory response and recruitment of immune cells to the central nervous system (CNS) under different pathologic conditions.
In a study of hypoxia-ischemia in 9-day-old mice, an upregulation of expression of MC-associated inflammatory genes was observed in the injured brain hemisphere [26] . Also, MC-derived histamine was shown to contribute to ischemia-induced inflammation and neuronal death in newborn rats at postnatal day 7 [27] . On the other hand, MC stabilization limited hypoxic-ischemic brain damage in the immature rat [28] .
In the rat model of transient middle cerebral artery occlusion, the cromoglycate-treated group showed 37% less postischemic neutrophil infiltration than controls. Cromoglycate reduced the number of transmigrated neutrophils and that of those still within the intravascular space. This indicates that MC blocking can reduce passive neutrophil trafficking through BBB breaches and probably attenuate the perivascular chemotactic gradient up which neutrophils migrate. Neutrophil infiltration was also reduced by 47% in MC-deficient rats compared to WT [22] .
Meningeal Mast Cells in Acute Brain Injury
Some studies focused on the role of meningeal MCs in acute neurological injury suggesting a more important pathological contribution for them compared to parenchymal MCs.
In experimental autoimmune encephalomyelitis in mice, Christy et al. [29] showed evidence that meningeal MCs are activated within 24 h of disease induction but do not directly compromise CNS vascular integrity. However, through production of TNF-a, MCs elicit an early influx of neutrophils into meninges promoting early breakdown of the local BBB and cerebrospinal fluid-blood barrier allowing immune cell access to the CNS. C-kit-mutant MC-deficient mice exhibit a mild disease course associated with significantly decreased immune cell infiltration to the CNS and failure to breach the BBB compared to WT. Selective reconstitution of meningeal MCs to c-kit-mutant MC-deficient mice via intracranial injection restores WT disease phenotype. Reconstitution of meninges with TNFa-knocked out (KO) MCs fails to restore severe disease indicating TNF-a is essential for mediating MC effects. The numbers and percentage of infiltrating neutrophils in mice reconstituted with TNF-a-KO MCs were similar to that of c-kit-mutant MC-deficient mice and consistently lower than WT mice or c-kit-mutant mice reconstituted with WT MCs. Also, MC-deficient mice repleted with TNF-a-KO MCs failed to develop frank BBB permeability. These data demonstrate a direct influence of TNF-a produced by meningeal MCs on meningeal neutrophil influx and alterations in BBB permeability [29] .
MCs can influence the numbers of brain leukocytes in mice after stroke as well [30] . In a study on the role of meningeal MCs in a mouse model of stroke, Arac et al. [31] showed that meningeal MCs contribute to key features of stroke pathology including infiltration of granulocytes and activated macrophages, brain swelling, and infarct size. MC-deficient mice exhibited significantly less brain swelling at 3 days after stroke as well as significantly smaller infarcts at 3 days and 2 weeks after stroke compared to WT mice. However, MC-deficient mice engrafted intravenously with MCs exhibited brain swelling and infarct sizes similar to those of the WT mice. It was noticed that after engraftment the meninges had near normal numbers of MCs, while the brain parenchyma had no or few MCs. Targeted repair of meningeal MC deficiency produced significantly more brain swelling, larger infarcts, and more granulocyte and activated macrophage infiltration at 3 days after stroke in MC-engrafted mice compared to MC-deficient mice. These results were similar to the WT pathology suggesting that meningeal MCs alone may be sufficient to exacerbate injury after stroke. Given the perivascular location of MCs and that blood flow to the brain traverses the meninges, meningeal MCs are ideally located to function as potential gatekeepers for modulating immune cell trafficking to the brain in stroke [31] .
Mast Cells in Intracerebral Hemorrhage
Patient with large ICH (>100 ml) have poor prognosis. In smaller ICH, most patients survive the initial ictus, but hematoma-induced secondary brain injury can lead to severe neurological deficits and death. Hematoma expansion occurs during the first 24 h in 20-40% of patients contributing to the mass effect and predicting poor outcome. Edema forms rapidly around the hematoma adding to the mass effect and brain injury and peaking in the second week. The hematoma resolves gradually over several weeks usually leaving a cavity where brain tissue was damaged [32] [33] [34] [35] [36] .
Hemorrhagic stroke is a disorder that starts at the vascular level and involves the neurovascular unit. It is hypothesized that the resulting sudden disruption in homeostasis in the neurovascular unit due to the cessation of normal blood flow and the accumulation of noxious stimuli such as blood and waste products along with the drop in pH would all activate MCs that act as a ''fast response force'' by rapid degranulation and release of preformed and stored mediators [8] . Within hours of their activation, MCs continue to synthesize and release proinflammatory mediators maintaining and increasing the inflammatory response.
Several in vivo preclinical studies were conducted to investigate the role of MCs in ICH using pharmacologic MC stabilization and MC-deficient animals. The results of these experiments are summarized below.
Strbian et al. [37] investigated the effect of MC stabilization on brain edema, hematoma volume, and neurological outcome in an autologous blood injection rat model of ICH. MC stabilization with cromoglycate resulted in highly significant better neurologic scores, decreased mortality, less brain swelling, and smaller hematoma volume after 24 h. Depending on the route of administration of cromoglycate, brain edema was reduced by 50% (intravenous) and 75% (intracerebroventricular). MC degranulating compound 48/80 led to opposite effects. The degree of brain edema corresponded with mortality. All rats treated with cromoglycate survived and showed good outcome, whereas those treated with saline or compound 48/80 had mortality rates of 45 and 55%, respectively. All MC-deficient rats survived, while 25% of their WT littermates died. Also, MC-deficient rats had significantly better neurologic scores, less brain swelling, and smaller hematoma growth [37] .
Strbian et al. [38] also investigated the effect of MC stabilization on hemorrhage formation and mortality after the administration of thrombolytics in experimental ischemic stroke. In vitro, tPA induces strong MC degranulation as shown by histamine release. In a focal cerebral ischemia/reperfusion rat model, postischemic tPA administration showed 70-to 100-fold increase in hemorrhagic formation. MC stabilization with cromoglycate led to significant decrease in tPA-mediated hemorrhagic formation at 3 (97%), 6 (76%), and 24 h (96%) compared with controls. Also, MC-deficient rats showed decrease in tPAmediated hemorrhagic transformation at 6 (92%) and 24 h (89%) compared with WT littermates. MC stabilization and deficiency also significantly reduced other hallmarks of reperfusion injury such as brain swelling and neutrophil infiltration. This translated into significantly better neurological outcome and lower mortality after 24 h [38] .
In a study that investigated the effect of hydrogen inhalation on MC-mediated brain injury in a collagenase mouse model of ICH, Manaenko et al. [11] reported BBB disruption, brain edema, and neurological deficits at 24 and 72 h post-ICH accompanied by the phosphorylation of Lyn kinase and release of tryptase, which are markers of MC activation, at 6 h post-ICH. Hydrogen inhalation significantly diminished ICH-induced MC activation, reduced redox stress, enhanced BBB preservation, ameliorated edema, and diminished neurological deficits at 24 h post-ICH [11] .
MC stabilization with cromoglycate significantly decreased perihematomal edema with reduced hemispheric expansion without changes in hematoma volume following intravenous tPA in a collagenase rat model of ICH [39] .
The pathophysiological basis of MC-dependent brain injury during ICH is uncertain, but it is believed that many mechanisms proposed in MC-dependent brain injury during ischemic stroke and other forms of acute brain injury could be applied in ICH as well. MCs can induce BBB breakdown, vasogenic edema, prolonged extravasation, hemorrhage, and inflammation. Further studies are needed to prove these suggested mechanisms in ICH.
An important aspect of MC role in ICH is their early onset of action and recruitment of other effectors. MCs are believed to respond very rapidly even before microglia. Microglia are activated later within the first hours of injury [32, 33, 40] . It is also plausible that MCs in brain areas such as the meninges that are away from the site of the initial bleed get activated as well after ICH and participate in the inflammatory response through collateral circulation that delivers MC-derived mediators to the site of injury.
Mast Cells, the Blood-Brain Barrier Breakdown, and Vasogenic Edema
The initial insult in ICH is a result of a breach in the BBB. The subsequent disruption of homeostasis and leakage of blood products especially complement C3a and C5a into the brain activates MCs that possess an armamentarium of mediators capable of targeting most of the components of the BBB immediately [8] . De novo synthesis of these mediators and the recruitment of other inflammatory cells maintain and potentiate this effect. Consequently, more areas of the BBB are compromised and the extravasation of blood cells, serum proteins, and plasma is prolonged resulting in the aggravation of the hemorrhage and vasogenic edema.
The pathophysiologic basis of MC-dependent brain edema and swelling during ICH has not been fully illustrated yet. It is thought to depend on the release of several MC-derived vasoactive substances (histamine, bradykinin) and proteolytic enzymes (tryptase, chymase, cathepsin G, and gelatinases). These substances will increase vascular permeability and disrupt the basal lamina of the vasculature along with the surrounding extracellular tissue matrix leading to extravasation of blood cells and serum proteins [37] .
Mast Cells and Hematoma Expansion
Hematoma expansion after ICH has been attributed to continued bleeding from the primary source and to mechanical disruption of the surrounding vessels [41] . On activation, MCs release heparin, an endogenous anticoagulant synthesized and released only by MCs. This may lead to impaired hemostasis and plugging of BBB breaches which prolongs the extravasation of red blood cells and promotes primary hematoma growth as well as secondary hemorrhage formation. This hypothesis is consistent with the data showing a significant growth of hematoma in the saline and compound 48/80 groups in the rat model of ICH. In contrast, a lack of hematoma growth was observed in both the cromoglycate-treated group and MC-deficient rats [37] .
This antihemostatic effect of MC-derived heparin superimposed on the vasculopathic proteolytic capacity of other MC-derived mediators reviewed in the previous subsection makes MCs a potential effector in hematoma and edema evolution in ICH.
Mast Cells and the Inflammatory Response
The infiltration of neutrophils after ICH is believed to compromise the microcirculation and BBB integrity and to contribute to the release of free radicals [42] . One of the most potent mediators involved in the recruitment of neutrophils is TNF-a [43] , which represents a distinct type of Fig. 1 Graphical description of the time sensitive mast cell activation process and the inflammatory cascade after intracerebral hemorrhage MC mediators since it is both acutely released from preformed granules and then continuously synthesized de novo and secreted. Being probably the only cell type containing preformed stores of TNF-a, MCs are likely to represent a critical initial cellular source of this mediator during inflammation in ICH. Later, TNF-a is also produced by infiltrating neutrophils and macrophages. In addition to neutrophils, MCs can also recruit macrophages from the circulation and activate brain-resident inflammatory cells such as microglia. MCs produce IL-6 and activate microglia to produce more IL-6. The cumulative effect of all these inflammatory cells and their products following ICH aggravates the primary damage and precipitates secondary injury.
It is believed that following ICH, MCs, other brainresident inflammatory cells, and immune cells recruited from the circulation interact to orchestrate a cascade of responses resulting in secondary brain injury. After the hematoma size stabilizes, the surrounding edema may continue to expand. Hemoglobin produced by erythrocyte lysis and coagulation products such as thrombin maintain the inflammatory response for days after ICH aggravating the brain damage and toxicity.
In fact, several human studies investigated levels of molecular markers of inflammation and injury in ICH and disclosed a significant correlation with clinical outcomes. Plasma concentration of TNF-a was fond to correlate with degree of brain edema in ICH patients [44] . An increased serum level of IL-6 and IL-10 in ICH patients significantly correlated with Glasgow Coma Scale score. Also, IL-6 level correlated with blood volume and mass effect [45] . Plasma concentrations of IL-6, TNF-a, MMP9, and cellular fibronectin were significantly higher in patients with early growth of ICH [46] . In a human postmortem study, an upregulation was noted in the expression of nuclear factorkappa B/p65 subunit, macrophage inflammatory protein-2, and MMP9 on the injured side of the hippocampus at times ranging from 2 h to 5 days post-ICH [47] .
Summary of the Role of Mast Cells in Intracerebral Hemorrhage
The disruption of homeostasis after the initial bleed in ICH and the leakage of blood products such as complement into the brain activate MCs rapidly resulting in the release of preformed and stored proteolytic enzymes, histamine, heparin, and TNF-a. These mediators are capable of disrupting the BBB leading to more extravasation and contributing to the hematoma growth and vasogenic edema formation. Through TNF-a and additional cytokines such as IL-6, MCs can activate other brain-resident inflammatory cells and contribute to the chemotactic gradient that recruits immune cells from the blood. Activated glia and infiltrating neutrophils and macrophages add to the already beginning damage by further compromising the integrity of the BBB and accumulating more toxic pro-inflammatory products. Infiltrating immune cells and glia can activate MCs again maintaining and snowballing the inflammatory response. This might help explain the growth of microbleeds surrounding the primary hematoma source and the secondary bleeding and edema development over time following ICH.
Clinical Applications
Although ICH is associated with a high mortality and morbidity, a treatment remains elusive [48] . The mass effect created by the hematoma and later by the perihematomal edema in addition to the subsequent neuroinflammation is major determinants of clinical outcome in ICH patients [35, [49] [50] [51] . Hence, new therapeutic modalities targeting major effectors in these processes may be helpful in developing novel treatment protocols in the clinical setting [36] .
Recent ICH clinical trials with different therapeutic targets some of which were supported by animal data have failed. The trials involved both surgical and medical approaches including critical care measures such as blood pressure and hyperglycemia control, reversal of antiplatelet and anticoagulation agents, and cerebral edema management in addition to the use of anti-inflammatory agents like statins and fingolimod [52, 53] .
Recent research has not been focused on brain-resident MCs that are capable of immediate host responses following ICH even before microglia. On the other hand, inhibition of the inflammatory cascade of blood-borne neutrophil and macrophage infiltration after cerebral injury has been the subject of trials to establish new therapies in stroke [8, 54] . In ischemic stroke, clinical trials based on the inhibition of neutrophils did not succeed which might be explained by the fact that leukocytes arrive relatively late to influence secondary damage propagation [7] . The same rationale is probably applicable in ICH. Hence, MCs may offer an alternative target for antichemotactic interventions. MC stabilization may be an efficient strategy for blocking simultaneously several molecular and cellular cascades that are involved in the pathophysiology of ICH. Also, meningeal MCs may be relatively more accessible for pharmacologic intervention given that meningeal vasculature is less restrictive than that of the BBB [31] .
Hemorrhagic transformation following thrombolysis in ischemic stroke is associated with worse clinical outcome. The mechanisms underlying post-thrombolytic hemorrhagic transformation are not fully understood. An important observation is that hemorrhage may be further Neurocrit Care (2018) 28:288-295 293 aggravated by heparin acutely released by MCs [8] .
Endogenously released heparin may impair hemostasis and prevent plugging of BBB breaches [7] . Thus, targeting MCs may improve the safety of thrombolysis.
Conclusion
The pathophysiology of ICH is complex, encompasses various effectors, and awaits further exploration. A better understanding of the pathological processes underlying the development of ICH would help in evolving new therapeutic interventions. MC blocking agents may prove to be neuroprotective in ICH in light of the very early role of MCs, their influence on other effectors, and their impact on major determinants of clinical outcome such as hematoma and edema expansion as well as neuroinflammation. The multiphasic response of MCs to injury may offer a window period for intervention. Further research on the mechanisms of MC-mediated brain damage following ICH is necessary.
